Hereditary loss of hearing affects many breeds of the domestic dog, but the Dalmatian has the highest prevalence. Approximately 30% are affected in the United States (U.S.) population. It is widely accepted that a relationship exists between deafness and pigmentation in the dog and also in other animals. While the Dalmatian exemplifies this relationship, the genetic origin and mode of inheritance of deafness in this breed are unknown. The goals of this study were to: (1) estimate the heritability of deafness in an extended kindred of U.S. Dalmatians and (2) determine, through complex segregation analysis, whether there is a major segregating locus that has a large effect on the expression of deafness. A kindred of 266 Dalmatians was assembled, of which 199 had been diagnosed using the brainstem auditory evoked response to determine auditory status. Of these, 74.4% (N ϭ 148) had normal hearing, 18.1% (N ϭ 36) were unilaterally deaf, and 7.5% (N ϭ 15) were bilaterally deaf. A heritability of 0.73 was estimated considering deafness a dichotomous trait and 0.75 considering it as a trichotomous trait. Although deafness in the Dalmatian is clearly heritable, the evidence for the presence of a single major gene affecting the disorder is not persuasive.
T HE brainstem auditory evoked response (BAER; Kay mouse (Savin 1965; Steel et al. 1987) . More specifically, these cells maintain the ionic composition of the cochlear et Marshall 1985) allows accurate detection of dogs that are either unilaterally or bilaterally deaf endolymph, and their absence results in strial atrophy (Steel 1995) . (Strain 2002) . The BAER elicits an all-or-none response; a normal functioning ear will produce a specific waveform A second finding supporting an association between deafness and pigmentation is that Dalmatians with at pattern while a nonfunctioning ear produces a flat line (Strain 2002) . The prevalence of deafness has been deterleast one blue eye have a higher prevalence of deafness than brown-eyed Dalmatians (Greibrokk 1994 ; Wood mined in many breeds (Strain 2003) . The Dalmatian is most affected with ‫%03ف‬ of the United States (U. S.) and Lakhani 1998; Famula et al. 2000; Muhle et al. 2002; Juraschko et al. 2003; Strain 2003) . A third findpopulation exhibiting unilateral or bilateral deafness (Marshall 1986; Holliday et al. 1992; ing to support a deafness-pigmentation association is that Dalmatians with a color patch have a lower preva-2001; Strain 2003) . Approximately 20% of Dalmatians lence of deafness than Dalmatians without a color patch are unilaterally deaf, with no significant preference for (Greibrokk 1994; Famula et al. 2000; Muhle et al. 2002 ; the left or right ear to be affected, and 10% are bilater- Juraschko et al. 2003; Strain 2003) . Dalmatians are ally deaf (Greibrokk 1994; Wood and Lakhani 1998;  born white and their spots appear during the first few Famula et al. 2001; Muhle et al. 2002; Strain 2003) .
weeks of life. Unlike a spot, a color patch is present at Histological studies revealed that inner ear structures birth and is generally larger than any spot. While a color develop normally up to and after birth with atrophy of patch is negatively correlated with deafness, studies indithe stria vascularis occurring between 1 and 4 weeks of cate that deafness and the color (e.g., black or liver) of age in affected dogs (Anderson et al. 1968 ; Johnsson a Dalmatian's spots or patch are not associated (Greiet al. 1973) . These studies also showed an absence of brokk 1994; Wood and Lakhani 1998; Famula et al. melanocytes in stria of the affected dogs (Anderson et 2000; Muhle et al. 2002; Strain 2003 Strain ). al. 1968 Johnsson et al. 1973) , the first finding to supSimilar associations of deafness with pigmentation port an association between deafness and pigmentation have also been identified in the human and one examin the Dalmatian. The function of melanocytes in norple is that of Waardenburg syndrome (WS; Waardenmal auditory function has been investigated in the burg 1951). WS has been proposed as a model for deafness in the Dalmatian (Hudson and Ruben 1962; Mair 1976; Brenig et al. 2003) and is the only known nian (Famula et al. 2000 (Famula et al. , 2001 , Swiss (Muhle et al. The data for Dalmatians collected from the breeder in Loui- 2002) , and German (Juraschko et al. 2003) Dalmatians. siana (N ϭ 47) are also included in a data set assembled by Famula et al. (2000) and Muhle et al. (2002) The objectives of the present study were to (1) from Strain's data set in terms of spot color (P Ͻ 0.0001). Two factors can explain this result, the first being the smaller sample size of this kindred and the second being a preference by the breeders who contributed samples to this study for MATERIALS AND METHODS liver-spotted Dalmatians over black-spotted Dalmatians. This simply illustrates the phenotypic composition of the reported Collection of data: BAER results, eye color, spot color, gender, birthdate, number of littermates, and registration pediDalmatians in terms of spot color, which has never been shown to correlate with deafness (Greibrokk 1994 ; Wood and Lakgree were collected for each dog. Color patch data were not available for a significant portion of kindred members hani 1998; Famula et al. 2000; Muhle et al. 2002; Strain 2003) . These results suggest that the kindred of Dalmatians (Ͼ50%) and hence were not included. Data from a total of 266 Dalmatians were collected, 199 with auditory status reported here is representative of the U.S. Dalmatian population in terms of deafness and eye color. determined by BAER and 67 with unknown auditory status. The phenotypes of the dogs with known auditory status are Estimation of heritability: The estimation of heritability, as well as subsequent complex segregation analysis, is derived shown in Table 1 .
Dalmatian kindred: A total of 74 matings between parents from analysis of a kindred of Dalmatians in which deafness segregates. The BAER is used to determine the auditory funcwith known auditory status were present in the kindred; 60 matings occurred between unaffected parents, 13 matings oction of each ear, providing two possible deafness phenotypes in these dogs. One phenotype would be dichotomous, in which curred between an unaffected parent and a unilaterally deaf unilaterally deaf and bilaterally deaf dogs would be classified scale is unobservable, the total variance is assumed to be 2 P ϭ 2 a ϩ 2 e , where 2 e ϭ 1.0, with no loss of generality (Gianola as deaf (i.e., affected vs. unaffected -1984) . Accordingly, the estimation of the heritability of deafness should not be biased by family selection, provided that scription of the statistical aspects of this analysis can be found in Sorensen et al. (1995) , briefly, the assumed prior densities the animals at the top of the pedigree (those animals with no parents identified) can be considered a random sample of for the fixed effects (gender, spot, and eye effects) are the uniform density function, what Bayesian modelers refer to as Dalmatians. This is more assumption than assertion because it is not feasible to create or discount a process of selection a "flat" prior density. That is, we assume no prior knowledge of the behavior of the fixed effects. For the analysis of deafness against deafness or for sampling such animals disproportionately among those animals at the top that have no known as a binary observation there is no need to estimate the fixed thresholds. However, for the case of the trichotomous deafauditory status.
Estimation of heritability is conducted through use of ness, ␥ 2 must be estimated. The assumed prior distribution for this parameter is the uniform with bounds established by threshold models (Falconer and Mackay 1996) , an approach typical for study of binary and ordered categorical ␥ 1 and ␥ 3 . As for the random contributions to , the additive genetic effects are assumed to be multivariately normally distraits. The observation of deafness is considered as a binary trait, y ij (y ij ϭ 0 when unaffected, 1 when affected) for the jth tributed with a null mean and variance-covariance structure consisting of the numerator relationship matrix times the dog ( j ϭ 1, 2, . . . , 199) of the ith gender (i ϭ 1 for males, 2 for females). In threshold models, this categorical phenotype unknown additive genetic variance, 2 a . Similarly the random residuals are assumed to be independently normally distribis assumed to be related to an underlying, unobservable, normally distributed continuous variable, , through a set of three uted with null mean with variance 2 e ϭ 1.0 (with no loss of generality since is an unobservable variate). Finally, given fixed thresholds [␥ 0 ϭ Ϫ∞; ␥ 1 ϭ 0; ␥ 2 ϭ ∞]; ␥ 1 is set to zero for computational convenience, with no loss in generality or our Bayesian approach to this problem, we also must establish impact on subsequent analysis of data. Specifically, we assume a prior density for the unknown variance 2 a . Specifically, we that the combination of continuous genetic and environmenlook to the inverted Wishart distribution where the expected tal terms thought to control the unobservable is translated prior mean for the additive genetic variance was started at 1.0 into a categorical observation through comparison to the fixed and the shape parameter was 20. The shape parameter reflects thresholds (i.e., observe an unaffected dog when ␥ 0 Յ Ͻ ␥ 1 the degree of certainty we have in the choice of prior mean or an affected dog when ␥ 1 Յ Ͻ ␥ 2 ).
for the additive genetic variance (the larger the value, the In a later analysis we consider deafness to be a trichotomous more certainty). A value of 20, speaking relatively, would be trait, in which normal-hearing dogs are scored as a zero, unilatconsidered large and tend to keep the estimate of the posterior erally deaf dogs scored as a one, and bilaterally deaf dogs density of the additive genetic variance "close" to the prior are scored as a two. Such a characterization of the auditory density. Analyses were conducted with smaller shape paramephenotype requires only minor modification of the threshold ters (as well as different starting mean values for the additive model. Specifically we need to add a fourth fixed threshold genetic variance), but all had the same general behavior of [␥ 0 ϭ Ϫ∞; ␥ 1 ϭ 0; ␥ 2 ; ␥ 3 ϭ ∞], yet in this case ␥ 2 must be the estimate of the posterior density always returning with a estimated from the available data. Furthermore, normal-hearheritability value much higher than the value where we began ing dogs would be observed when ␥ 0 Յ Ͻ ␥ 1 , unilaterally the search. deaf dogs would be observed when ␥ 1 Յ Ͻ ␥ 2 , and bilaterally Estimation of the distribution of the unknown parameters deaf dogs would be observed when ␥ 2 Յ Ͻ ␥ 3 .
employs a technique of numerical integration referred to as The model for is similar to any that can be used for Gibbs sampling (Geman and Geman 1984) . The algorithm is continuous phenotypes. The algebraic form of the model for based on the iterative generation of a sequence of random this study is variables from the known conditional distributions of the parameters, given the likelihood function of the data. Subse- In this study, a total of 100,000 samples of possible heritability (l ϭ 1, 2, . . . , 199) dog of the ith gender in the jth class of values were generated. The estimate of heritability was taken spot color (j ϭ 1 for black, 2 for liver) and the kth eye color from the mean of every 25th iterate, after discarding the first class (k ϭ 1 for two pigmented eyes, 2 for one pigmented and 10,000 samples, for a total of 3600 sample observations (i.e., one unpigmented eye). The component is an unknown [100,000 Ϫ 10,000]/25 ϭ 3600). A more complete description constant while gender i is the contribution of the ith gender of the Gibbs sampling process and its theoretical justification to the expression of deafness. Spot j and eye k are similar contrimay be found in Sorensen et al. (1995) and in Van Tassell butions of these physical characteristics to the liability for and Van Vleck (1995), published by the authors of the public deafness; a l is the additive genetic contribution of the lth domain software, MTGSAM (Van Tassell and Van Vleck animal and e ijkl is an unknown residual. Both a l and e ijkl are 1995), with which this analysis was performed. assumed to be random effects with zero means and variances Complex segregation analysis: Regressive logistic models of 2 a (the additive genetic variance) and 2 e (the residual developed for complex segregation analysis (Bonney 1986) variance), respectively. The additive genetic effect for each were used to evaluate the possible segregation of a single animal accounts for the covariance in phenotypes of relatives major locus with a large effect on deafness in the Dalmatian. and is assumed to be multivariately normally distributed, with A thorough discussion of complex segregation analysis is availa covariance structure based upon the additive relationships among all 266 animals in the data set. Because the underlying able (Lynch and Walsh 1998). The technique is intended to integrate Mendelian transmission genetics, allelic frequency, with known auditory status, including six full litters with Most dogs were represented in more than 1 of the 27 famiaffected individuals, is shown in Figure 1 . As an illustra- make the detection of a major locus more difficult because Table 2 presents a summary of the analysis of the ties that are known to exist were treated as being unrelated in the analysis. The magnitude of this effect could not be threshold model, including an estimate of the heritabilestimated but was assumed to be minor. ity of deafness on the underlying, unobservable scale Methods for correcting for sampling bias begin with an for the two phenotypic classification schemes (i.e., diassumption about the sampling process. Employing an inapchotomous and trichotomous). As shown, the mean herpropriate correction for ascertainment bias can be as damagitability of the Gibbs sample is 0.73, with 95% of the ing to the interpretation of results as ignoring ascertainment bias (Greenberg 1986) (Table 2) , which did not have a confidence tion analysis is less simply evaluated. Because the results are interval that spanned zero.
not from a randomly sampled cluster of Dalmatians, but rather a set constructed around several dogs with loss of hearing, Table 3 presents results of the complex segregation this analysis must be corrected for such sampling bias.
analysis for dichotomous and trichotomous models of deafness with correction for ascertainment bias. The statistical models analyzed were: (1) major locus model in which the transmission probabilifrom comparing the same models considering deafness ties are estimated from the pattern of inheritance reas a dichotomous trait. The natural log of the likelihood vealed by the data [major locus arbitrary (MLA)].
ratio in comparing the MLM and MLA models equals First, considering deafness as a dichotomous trait the 36.06 (3 d.f., P Ͻ 0.0001), showing the MLA model natural log of the likelihood ratio (Table 3) in comprovides a significantly better fit to the data, the same paring the NML and MLM models is calculated as result as comparing the same models considering deaf-Ϫ2(Ϫ158.69 Ϫ (Ϫ148.30)) ϭ 20.78 (3 d.f., P Ͻ 0.001).
ness as a dichotomous trait. This is a 2 statistic with degrees of freedom equal to the difference in number of parameters examined between models (in this case five parameters for the NML model DISCUSSION and eight parameters for the MLM model) and the P Heritability and segregation analysis: It is clear from values determined by the 2 distribution. This result the results presented in Table 2 that deafness in the shows that the MLM model provides a significantly betDalmatian is hereditary and is influenced by genetic ter fit to the data than the NML model. However, the information passed from parent to offspring. Furthernatural log of the likelihood ratio in comparing the more, the heritability of deafness is of sufficient magni-MLM and MLA models equals 22.38 (3 d.f., P Ͻ 0.0001), tude that attempts to select against it are potentially showing the MLA model provides a significantly better successful. A heritability of this magnitude is suggestive, fit to the data than the MLM model.
by itself, of the segregation of a single major locus exSecond, considering deafness as a trichotomous trait erting a large effect. Morton and MacLean (1974) the natural log of the likelihood ratio in comparing the demonstrated that major loci tend to increase the herita-NML and MLM models (Table 3) is 7.10 (3 d.f., P Ͻ bility of a trait in a given population and a value Ͼ0.70 is 0.07), showing the NML model does not provide a sigcomparatively large for many polygenic traits, indicating nificantly better fit to the data, at least when using the "standard" type I error at P ϭ 0.05. This result differs that deafness in the Dalmatian may not be polygenic. (1975) to reduce the probability of falsely declaring the presence of a major locus. Alleles at a genuine major effect on the major locus.
However, the results of Tables 2 and 3 raise important locus should be transmitted from parent to offspring with probabilities that reflect Mendelian transmission. issues. First, the obvious question is, Which analysis is "correct"? The threshold model of heritability in Table  Table 3 demonstrates that a better fit to the data can be provided when the probabilities of transmission are 2 and the NML model of Table 3 are conceptually, though not identically, similar. That is, both seek to significantly different from those expected under standard Mendelian transmission. Although from the results evaluate the inheritance of deafness with explanatory variables of sex, eye color, and spot color. Yet the apin Table 2 we can conclude that deafness is highly heritable, the exact genetic mechanism that leads to expresproach is fundamentally quite different indeed. The threshold model is built around underlying normality sion of this disease cannot be stated with certainty on the basis of the results in Table 3 . Accordingly, we also in the distributions of genotypes and environmental contributions (Gianola and Foulley 1983) . The comconclude that a major locus with an impact on deafness cannot be established with the present data. plex segregation analysis is derived from logistic regression and the linearity of the log odds of deafness Nonetheless, we are encouraged to observe a rough equivalence in the threshold model results of Table 2 (Bonney 1986).
Conceptually, the threshold model provides a better with those of the NML models of Table 3 . Given the standard errors of Table 3 , confidence intervals can approach for quantitative genetics analogous to the commonly used mixed models of polygenic continuous simply be constructed (i.e., 95% intervals computed from the parameter estimate Ϯ 1.96 times the standard phenotypes. Moreover, the threshold model permits the inclusion and consideration of all known relationships, error) and evaluated for overlap with 0.0. As such, all the logistic regression coefficients are significantly different including the magnitude of inbreeding present in this kindred. This cannot be said of the logistic regression from zero, with the exception of differences in gender. Note, however, that the parent regression coefficient is model for complex segregation analysis. The logistic regression model can accommodate only specific relanegative, implying that normal-hearing parents are more likely than deaf parents to have deaf offspring. tionships, such as parent-progeny, and inbreeding loops cannot be present in families of the data set (SAGE Figure 1 offers visual support of this result. That is, while it is only a snapshot of the kindred, only three 1997). Accordingly, owing to limitations of available software (specifically there being no complex segregaunilaterally deaf dogs are parents (P04, P14, and R10); all other hearing-impaired dogs are without progeny in tion analysis packages for dichotomous and trichotomous traits in a threshold model), we have a two-step the figure. As previously stated, there were 74 matings between parents with known auditory status present in analysis of the kindred in this data set.
The comparison of the MLM and MLA models in the kindred; 60 matings occurred between unaffected parents, 13 matings occurred between an unaffected Table 3 , considering deafness as either a dichotomous or a trichotomous trait, is suggested by Elston et al.
parent and a unilaterally deaf parent, and 1 mating occurred between two unilaterally deaf parents. InterestDiscarding a model of a single recessive autosomal allele is not possible with the kindred, because there were not ingly, the heritability of hearing loss is still high for dichotomous deafness with a value of 0.73. It is not any matings of two bilaterally deaf dogs. However, there was a mating of two unilaterally deaf dogs (both deaf possible to directly relate the parent regression coefficient of the NML model to the well-recognized paramein the same ear, with two brown eyes, and with black spots) and the argument can be made that if the auditer of heritability. However, we can see how knowledge of all relationships, made possible in the threshold tory phenotype is a dichotomous trait, this mating would support discarding the model of a single recessive aumodel, can provide a more thorough evaluation of inheritance than logistic regression can.
tosomal allele because it produced normal-hearing offspring. Further support for discarding a single recessive A manual review of the pattern of inheritance did not support a model of a simple autosomal Mendelian allele is provided by several unrelated matings of bilaterally deaf parents not in this kindred (Strain 1999 ) that locus. For example, the majority of the affected progeny were the result of matings of two unaffected parents, produced normal, unilaterally deaf, and bilaterally deaf offspring. eliminating models of a single dominant deafness allele.
